Abstract: Treatment of -halo alkylamines 9 and 10 with aryl and alkyl isoselenocyanates 6a-g in the presence of triethylamine in dichloromethane gave the corresponding 1,3-selenazolidines 11a-g and perhydro-1,3-selenazines 12a-g, respectively, in good to excellent yields. Chemical and spectroscopic evidence for the structures of all new compounds are presented, and in selected examples the molecular structures have been established by X-ray crystallography. The analogous reactions with isothiocyanates have been used for the preparation of 1,3-thiazolidines and perhydro-1,3-thiazines. Anthony Linden, [a] and Heinz Heimgartner* [a] Keywords: Cyclizations / Isoselenocyanates / Selenium heterocycles / Sulfur heterocycles / X-ray crystallography
Introduction
The chemistry of organoselenium compounds has attracted much attention, not only because of strong interest in these compounds as synthetic tools [1] [2] [3] [4] [5] [6] [7] [8] but also as a result of their unique biological [9, 10] and medicinal activities. [11] [12] [13] [14] [15] [16] [17] [18] [19] Hatfield [20] demonstrated the wide importance of organoselenium compounds in human health, especially in cancer chemoprevention, [21] in food, [22] [23] [24] and in plants. [25, 26] Although syntheses of thiazines [27] and oxazines [28, 29] are well known, those of the corresponding selenazines have been limited, owing to difficulties in the preparation of the selenium-containing starting materials. Like many other syntheses of selenium-containing heterocycles, they involve the use of toxic selenium reagents, which are Scheme 1. often difficult to handle. Isoselenocyanates [30] [31] [32] are very useful starting materials in heterocyclic chemistry [33] because they are easy to prepare [34] and can be stored. Selenazines have attracted much attention not only in medicinal fields (antibacterial effects against Escherichia coli and Staphylococcus aureus, [35] inhibitory effect on the proliferation of human HT-1080 fibrosarcoma cells, [36] protein kinase inhibition, [37] and as antitumor agents [38] ), but also as dyes. [39, 40] Nevertheless, the preparation of this ring system is not well described in the literature, and only recently have some reports and reviews on the synthesis and applications of selenazines been published. [39, 40] Similarly, selenazoles have attracted attention in the chemistry of dyestuffs, [41, 42] as well as in medicine (antiinfective, [36] antiviral, [43] and antitumor agents [44] ). To the best of our knowledge, only a few papers describe the preparation of nonfused selenazoles from an isoselenocyanate [45] [46] [47] [48] and, surprisingly, only one selenazole derivative prepared from a primary amine has been described. [49] We have recently shown that aryl isoselenocyanates 1 are convenient precursors for the introduction of selenium into five-and six-membered selenaheterocycles of types 3 [50] and 5, [51] respectively (Scheme 1). The aromatic starting materials 2 and 4 for these reactions each bore a primary amino group and a halogen atom. The formation of 1H-1,3,6-triazaaceanthrylene derivatives 5 occurred on heating of 1 and 4 in boiling pyridine without any additional reagents. Similarly, 2-arylamino selenazolo [5,4-b] pyridines 3 were prepared from 1 and 2 in propan-2-ol at reflux. In the latter case, however, the product was obtained as the hydrochloride, which was very stable and gave the free amine derivative only with difficulty.
As a continuation of our studies in isoselenocyanate chemistry [50] [51] [52] [53] [54] [55] [56] [57] we investigated the synthesis of five-and six-membered Se/N-heterocycles: 1,3-selenazoles and 1,3-Scheme 2. www.eurjoc.org selenazines. In this paper we report on reactions of aryl and alkyl isoselenocyanates 1 with the ω-halogeno alkylamines 9 and 10.
Results and Discussion
The halogenoamine (HX salt, one equiv.) was added to a stirred solution of the appropriate freshly prepared isoselenocyanate 6 in dry dichloromethane, followed by two equiv. of triethylamine. The isoselenocyanates 6 used were easily prepared from the corresponding N-arylformamides by treatment with phosgene and elemental selenium, by the procedure published by Barton et al.
[34a] Stirring of the solution of 6 and 7 or 8 at room temperature for 4 h (except for cyclohexyl isoselenocyanate: 12 h) resulted in the formation of the selenium-containing heterocycles 9 and 10, respectively, isolated in 39-96 % yields (Scheme 2, Table 1 ).
As shown in Table 1 , the yields of the six-membered heterocycles 10 were, in general, higher than those of the corresponding five-membered heterocycles. Quite large differences were observed between 9f and 10f and between 9g and 10g, the two cases in which the steric hindrance between the residue at the imine N-atom and the heterocycle is the greatest.
We propose the following reaction mechanism for the formation of 9 and 10: addition of the primary amino group to 6 produces a selenourea derivative A, which undergoes a cyclization step to give the heterocyclic product. In this one-pot, multi-step procedure, the cascade needs two equivalents of base. Triethylamine was chosen for its softness and for the ease of its elimination by washing the reaction mixture with water.
The structures of the selenazolidin-2-imines 9 were assigned on the basis of their spectroscopic data and elemental analyses. The crystal structures of 9a and 9d were also established by X-ray crystallography ( Figure 1 [58] of the molecular structure of the two symmetry-independent molecules of 9a (arbitrary numbering of atoms; displacement ellipsoids with 50 % probability).
In the case of 9a there are two symmetry-independent molecules, in which the orientations of the phenyl rings are quite different, in the asymmetric unit. The five-membered ring in molecule A has an envelope conformation with C(4) as the envelope flap. The heterocyclic ring in molecule B also has an envelope conformation, but is more distorted from ideal geometry than the ring in molecule A and a different ring atom -C(25) -forms the envelope flap. Although the compound is achiral, it crystallized in a noncentrosymmetric polar space group. The absolute structure was determined independently by the diffraction experiment. The NH group in molecule A forms an intermolecular hydrogen bond with the imine N-atom of a neighboring mole- Figure 2 . ORTEP plot [58] of the molecular structure of the two conformations of 9d (arbitrary numbering of atoms; displacement ellipsoids with 50 % probability).
cule B. In turn, molecule B has the same mode of hydrogen bonding with the original molecule A, the hydrogen bonds thereby linking one molecule A and one molecule B into a dimeric unit by forming a loop with a binary graph set motif [59] of R 2 2 (8). In the case of 9d, the methylene groups in the heterocyclic ring are disordered over two conformations, with the major conformation occurring in approximately 70 % of the molecules. The heterocyclic ring in the major conformation has a slightly distorted half-chair conformation twisted on C(4a)-C(5a), with the distortion being in the direction of an envelope with C(5a) as the envelope flap. The minor conformation lies closer to that of an envelope with C(5b) as the envelope flap. The disorder is essentially the result of the envelope flap lying on opposite sides of the heterocyclic ring plane. Similarly to 9a, the NH group forms an intermolecular hydrogen bond with the imine N-atom of a neighboring molecule. In turn, the acceptor molecule donates the same type of hydrogen bond back to the original molecule, thereby forming centrosymmetric dimeric units. The hydrogen bonding motif in these dimers is also R 2 2 (8) . The structures of the selenazan-2-imines 10 were similarly deduced from their elemental analyses and spectroscopic data. The molecular structures of 10a and 10c were verified by single-crystal X-ray analyses ( Figure 3 and Figure 4) .
There are two symmetry-independent molecules in the asymmetric unit of 10a. The conformations of the independent molecules differ primarily in the puckering of the heterocyclic ring. In molecule A the ring has a screw-boat conformation, while in molecule B the ring has an envelope conformation with C(25) as the envelope flap. The NH group in molecule A forms an intermolecular hydrogen bond with the imine N-atom of a neighboring molecule A. In turn, the acceptor molecule donates the same type of Figure 3 . ORTEP plot [58] of the molecular structure of the two symmetry-independent molecules of 10a (arbitrary numbering of atoms; displacement ellipsoids with 50 % probability). [58] of the molecular structure of 10c (arbitrary numbering of atoms; displacement ellipsoids with 50 % probability).
hydrogen bond back to the original molecule, thereby forming centrosymmetric dimeric units composed entirely of A molecules. The hydrogen bonding motif [59] in these dimers is again R 2 2 (8). The same pattern of intermolecular hydrogen bonds links the B molecules into dimeric units.
In the case of 10c, the heterocyclic ring has a distorted envelope conformation with C(5) as the envelope flap. The distortion is in the direction of a half-chair twisted on C(4)-C(5). Intermolecular hydrogen bonds between the NH group and the imine N-atom of a neighboring molecule link the molecules into centrosymmetric dimeric units, analogously to 10a.
For the preparation of 9 and 10, the organic base triethylamine was chosen to avoid secondary reactions. When stronger bases such as sodium hydroxide were used for the reactions of 6 with 7 and 8, the formation of compounds 11 and 12, respectively, was observed (Scheme 3). www.eurjoc.org reaction between another equivalent of 6a and the N-atom of the selenazolidine ring of 9a. The homologous compound 12 was obtained similarly via the intermediate selenazane 10a. In fact, the formation of product 11 was our first result in this study. We then focused our attention on the optimization of the synthesis of the initially formed selenazole ring by varying the solvent and the base. The optimal conditions proved to be a 1:1 mixture of 6 and 7 or 8 and two equivalents of triethylamine in dichloromethane at room temperature for ca. 4 h. The first equivalent of the base is needed to generate the free amine in situ, and the second to capture HX formed during the cyclization step. The triethylammonium salt was removed by washing the reaction mixture with water. Crystallization of 11 from dichloromethane gave suitable crystals for the structure to be established by X-ray crystallography ( Figure 5 ). Although the compound is achiral, it crystallized in a polar space group and the absolute structure was determined by the diffraction experiment. The five-membered heterocycle has an envelope conformation with C(5) as the envelope flap. The adjacent atoms N(6), C(7), C (13) , and N(14) deviate only slightly from the plane defined by Se(1), C(2), N(3), and C(4), but the phenyl residues at N(6) and N(14) are twisted out of this plane by ca. 62°and 49°, respectively. The NH group forms an intramolecular hydrogen bond with the imine N-atom and thereby creates a six-membered loop with a graph set motif of S(6).
The above syntheses of 1,3-selenazolidines and 1,3-selenazanes are part of our research program started some years ago with the aim of synthesizing selenium-containing heterocycles. Notwithstanding, we also carried out a bibliographic search on the corresponding sulfur analogues: 1,3-thiazolidines and 1,3-thiazines. Surprisingly, we found no similar procedure for the preparation of these heterocycles from isothiocyanates and 7 or 8, and so we decided to investigate these reactions too. Under analogous conditions we obtained the 1,3-thiazolidines 14a and 14b and the 1,3-thiazanes 15a and 15b in almost quantitative yields (Scheme 4, Table 2 ). [58] of the molecular structure of 11 (arbitrary numbering of atoms; displacement ellipsoids with 50 % probability). 
Conclusions
In summary, we have shown that 1,3-selenazolidin-2-imines 9 and 1,3-selenazin-2-imines 10 can easily be synthesized with excellent yields in one-pot reactions by starting from aryl and alkyl isoselenocyanates and ω-haloalkylamines in basic media. The analogous reaction with isothiocyanates opens a novel and efficient route to the corresponding sulfur heterocycles.
Experimental Section
General Remarks: TLC: silica gel 60 F 254 plates (0.25 mm; Merck). Column chromatography (CC): silica gel 60 (0.040-0.063 mm; Merck). Melting point (M.p.): Büchi B-540 apparatus, in capillary; uncorrected. IR spectra: KBr (cm -1 ). 1 H NMR (300 MHz) and 13 C NMR (75 MHz) spectra: Bruker ARX 300 instrument, in CDCl 3 unless otherwise specified; chemical shifts in ppm, coupling constants (J) in Hz. EI-MS and CI-MS: Finnigan SSQ-700 or MAT-90 instruments. EI mode: 70 eV; CI mode: NH 3 as carrier gas.
Starting Materials: 2-Bromoethylamine (HBr salt) and 3-chloropropylamine (HCl salt) are commercially available (Fluka). Isoselenocyanates were prepared by Barton's procedure, by starting from formamides.
[34a] Formanilide and N-cyclohexylformamide are commercially available (Fluka and Aldrich), N-(4-chlorophenyl)-, N-(4-bromophenyl)-, and N-(4-methoxyphenyl)formamide were prepared from the corresponding anilines and 95 % formic acid by a slightly modified literature protocol: [60] the solution was heated to reflux for 30 min and the solvents were evaporated to dryness in vacuo. The residue was dissolved in Et 2 O and washed with dilute AcOH (5 %), H 2 O, and aqueous NaHCO 3 (5 % aq.). The aqueous layer was extracted with Et 2 O, and the combined organic extracts were dried over MgSO 4 and evaporated under reduced pressure. The crude products were purified by recrystallization from mixtures of EtOH and H 2 O.
General Procedure for the Preparation of 1,3-Selenzolidines 9a-g and 1,3-Selenazanes 10a-g: A 25 mL round-bottomed flask fitted with a magnetic stirrer and condenser was charged with a solution of the appropriate isoselenocyanate (1.0 mmol) in CH 2 Cl 2 (20 mL). 2-Bromoethylamine hydrobromide or 3-chloropropylamine hydrochloride (1.0 mmol) was added, followed by Et 3 N (0.28 mL, 2.0 mmol), and the mixture was stirred for 4 h at room temperature (except for cyclohexyl isoselenocyanate: 12 h). The mixture was washed with H 2 O (3 × 10 mL) and the solvents were evaporated to dryness under reduced pressure. The crude product was purified by column chromatography on silica gel with hexane/AcOEt (1:0 to 1:1). Suitable crystals for the X-ray crystal-structure determination were grown from CH 2 Cl 2 by slow evaporation of the solvent. 
Phenyl(1,3-selenazolidin-2-yliden)amine (9a):

General Procedure for the Preparation of 11 and 12:
A 25 mL roundbottomed flask fitted with a magnetic stirrer and condenser was charged with a solution of the phenyl isoselenocyanate (1.0 mmol) in THF (20 mL). Bromoethylamine hydrobromide (for 11) or 3-chloropropylamine hydrochloride (for 12) (0.5 equiv.) was added, followed by aqueous NaOH (1 m, 2 equiv.), and the mixture was stirred for 6 h at room temperature. The mixture was then diluted with CH 2 Cl 2 (50 mL), washed with H 2 O (3 × 15 mL), and dried over MgSO 4 , and the solvents were evaporated to dryness under reduced pressure. The crude product was purified by column chromatography on silica gel with hexane/AcOEt (3:1 to 1:3). Suitable crystals for the X-ray crystal structure determination were grown from CH 2 Cl 2 by slow evaporation of the solvent. 
2-(Phenylimino
General Procedure for the Preparation of 1,3-Thiazolidines 14 and 1,3-Thiazines 15:
A 25 mL round-bottomed flask fitted with a magnetic stirrer and condenser was charged with a solution of the appropriate isothiocyanate (1.0 mmol) in CH 2 Cl 2 (20 mL). 2-Bromoethylamine hydrobromide (7) or 3-chloropropylamine hydrochloride (8; 1.0 mmol) was added, followed by triethylamine (0.28 mL, 2.0 mmol) and the mixture was stirred for 4 h at room temperature. The mixture was then washed with H 2 O (3 × 10 mL) and dried over MgSO 4 , and the solvents were evaporated to dryness under reduced pressure. The crude product was purified by column chromatography on silica gel with hexane/AcOEt (1:0 to 1:1). (2) 5) : [61] All measurements were performed on a Nonius KappaCCD area-detector diffractometer [62] with use of graphitemonochromated Mo-K α radiation (λ, 0.71073 Å) and an Oxford Cryosystems Cryostream 700 cooler. The data collection and refinement parameters are given below, and views of the molecules are shown in Figure 1 , Figure 2 , Figure 3 , Figure 4 , and Figure 5 . Data reduction was performed with HKL Denzo and Scalepack. [63] The intensities were corrected for Lorentz and polarization effects, and absorption corrections based on the multi-scan method [64] were applied. The structures were solved by direct methods by use of SIR92, [65] which revealed the positions of all non-H-atoms. In 9a and 10a, there are two symmetry-independent molecules in the asymmetric unit. In each case the atomic coordinates of the two molecules were tested carefully for a relationship from a higher symmetry space group by use of the PLATON program, [66] but none could be found. In 9d the methylene groups of the heterocyclic ring are disordered over two conformations. Two sets of overlapping positions were defined for the atoms of these methylene groups, and the site occupation factor of the major conformation was refined to 0.697 (8) . Similarity restraints were applied to the chemically equivalent bond lengths and angles involving all disordered C-atoms, while neighboring disordered atoms within and between each conformation were restrained to have similar atomic displacement parameters.
Phenyl(1,3-thiazolidin-2-yliden)amine (14a)
For each structure, the non-H-atoms were refined anisotropically. The amine H-atoms were placed in the positions indicated by a difference electron density map and their positions were allowed to refine together with individual isotropic displacement parameters. All remaining H-atoms were placed in geometrically calculated positions and refined with the aid of a riding model in which each Hatom was assigned a fixed isotropic displacement parameter with a value equal to 1.2 U eq of its parent C-atom (1.5 U eq for the methyl group of 9d). The refinement of each structure was carried out on F 2 by full-matrix, least-squares procedures, which minimized the function Σw(F o 2 -F c 2 ) 2 . A correction for secondary extinction was applied in all cases. Refinement of the absolute structure parameter [67] for 9a and 11 yielded a value of -0.02(1) in each case, which confidently confirms that the refined models represent the true absolute structures. In the case of 10a, one reflection, the intensity of which was considered to be an extreme outlier, was omitted from the final refinement. Neutral atom scattering factors for non-Hatoms were taken from ref. [68] , and the scattering factors for Hatoms were taken from ref. [69] Anomalous dispersion effects were included in F c; [70] the values for fЈ and fЈЈ were those of ref. [71] The values of the mass attenuation coefficients are those of ref. [72] All calculations were performed by use of the SHELXL97 [73] program. 
Crystal
